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In almost every eukaryotic cell, receptors that stimulateUnited Kingdom
phospholipase C (PLC), and so formation of inositol tris-
phosphate (IP3) and diacylglycerol (DAG), stimulate both
release of Ca2 from intracellular stores and Ca2 entry.Ca2 enters cells through an assortment of Ca2-per-
The idea that capacitative (also known as store regu-meable channels that respond to different stimuli and
lated) Ca2 entry (CCE) provides the major route for thiscouple to different cellular responses. Several differ-
Ca2 entry has prevailed for some 15 years. The keyent Ca2 entry pathways can be activated by receptors
feature of CCE is that it is activated by a signal generatedthat stimulate phospholipase C (PLC). Both limbs of
by empty intracellular Ca2 stores; the sole function ofthis signaling pathway (IP3 and diacylglycerol), PLC
IP3 being to stimulate release of Ca2 from the storesitself, and its substrate (PIP2) contribute to the coordi-
(Putney et al., 2001). Neither the molecular identity ofnate regulation of these Ca2 entry pathways.
CCE channels nor the signal that links empty stores
to their opening have been unambiguously identified;In the beginning, cells extruded Ca2 and ever since they
indeed, different cells express different CCE channelshave, by means of Ca2-permeable channels, carefully
that may also be differentially regulated (Putney et al.,regulated how much Ca2 they allow to reenter. These
2001). Recent reviews address both the evidence thatCa2 channels respond to an array of physiological stim-
oligomeric assemblies of TRP proteins form CCE chan-uli including membrane depolarization, mechanical and
nels (Clapham et al., 2001; Montell et al., 2002; Venkata-thermal stimuli, and extracellular chemical messengers
chalam et al., 2002) and competing proposals for thethat act either directly on the channels or via intracellular
links between stores and the Ca2 entry (Putney et al.,signals (Barritt, 1999). The versatility of Ca2 channels
2001; Venkatachalam et al., 2002). The coupling seemscomes not only from their differential regulation and
to be mediated either by IP3 receptors physically inter-expression and their different permeabilities to other
acting with the CCE channel (conformational coupling)cations, but also from their abilities to selectively couple
or by release of a diffusible messenger. Both modelsto different physiological processes. For a cell, Ca2
are supported by persuasive evidence, but neither isentering via one channel is not the same as Ca2 entering
consistent with the results from all cells.via another. Such targeted signaling is possible because
The defining feature of CCE is that empty Ca2 storesCa2 channels are not uniformly distributed across the
(rather than the signal that triggers their emptying) iscell surface, and intracellular Ca2 buffering allows spa-
sufficient to activate Ca2 entry, but this elegant simplic-tial gradients of Ca2 to be established. Ca2 entry into
ity has been complicated by results that more directlyhippocampal neurones via NMDA receptors or voltage-
implicate phospholipase C (PLC). In several cell types,gated L type Ca2 channels, for example, stimulates
inhibition of PLC or depletion of phosphatidylinositoltranslocation of calmodulin to the nucleus, while a com-
4-phosphate (PIP) uncouples empty stores from the ini-parable amount of Ca2 entering via other channels is
tial activation (though not the maintenance) of CCE. That
ineffective (Deisseroth et al., 1998). There are many other
inhibition occurs even in cells that lack IP3 receptorsexamples of such targeted Ca2 signals, not least the
(see references in Putney et al., 2001). The role of PLC
selective coupling of capacitative Ca2 entry (see below) is unclear, but may reflect a requirement for DAG (or
to regulation of adenylyl cyclase and nitric oxide syn- one of its metabolites) in coupling empty stores to CCE.
thase (Smith et al., 2002). Plasma membrane Ca2 chan- This would be consistent with evidence that a lipoxygen-
nels thus allow Ca2, the simplest and most widely used ase metabolite of arachidonic acid may be required for
of all intracellular messengers, to selectively couple the initial activation of CCE by empty stores (Glitsch et
physiological stimuli to appropriate cellular responses. al., 2002). A recent paper in Cell (Patterson et al., 2002)
Ca2 is, however, a dangerous messenger, and with further implicates other elements of the phosphoinosi-
plasma membrane Ca2 channels providing access to tide pathway by demonstrating a role for the SH3 domain
an unlimited source of Ca2, tight control of Ca2 entry of PLC-1, independent of any phospholipase activity, in
is essential. Because many Ca2 channels are inhibited the activation of CCE. These results suggest a structural
by increases in cytosolic Ca2 concentration, negative role for PLC-1 in coupling receptor-mediated store
feedback provides a powerful defense against exces- emptying to activation of CCE. The importance of other
sive Ca2 entry. L type Ca2 channels, for example, are elements of the phosphoinositide pathway becomes
inactivated when Ca2 passing through the open chan- even more striking when the regulation of noncapacita-
nel binds to tethered calmodulin. This type of feedback tive Ca2 entry pathways is considered.
operates locally with high concentrations of Ca2 near Other Ca2 Entry Pathways
the open mouth of a channel causing the autoinhibition. CCE is not the only Ca2 entry pathway regulated by
It is, therefore, well suited to constraining the activity receptors that couple to PLC, and there is persuasive
evidence that these noncapacitative Ca2 entry (NCCE)
pathways contribute significantly to the Ca2 signals1Correspondence: cwt1000@cam.ac.uk
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evoked by physiological stimuli. A variety of Ca2-per-
meable channels, many of which are relatively nonselec-
tive cation channels and many of which are assembled
from TRP proteins, are regulated by phosphatidylinosi-
tol 4,5-bisphosphate (PIP2) or elements of the DAG limb
of the phosphoinositide pathway (Montell et al., 2002).
Bradykinin and nerve growth factor promote opening of
a vanilloid receptor (TRPV1) by stimulating hydrolysis
of the PIP2 that normally inhibits the channel (Chuang
et al., 2001). Conversely, because PIP2 stimulates the
TRPM7 channel, it is closed by receptors that activate
PLC (Runnels et al., 2002). Several TRP channels are
directly activated by DAG (Montell et al., 2002), and in
Figure 1. Receptor-Specific Regulation Ca2 Entry Channelsportal vein smooth muscle one of these channels
In sympathetic neurones, the actin cytoskeleton tethers bradykinin,(TRPC6) contributes to the Ca2 entry evoked by 1-
but not muscarinic acetylcholine, receptors close to IP3-regulatedadrenoceptors (Inoue et al., 2001). In other cells, DAG
intracellular stores. Both receptors stimulate PLC via the G protein,stimulates noncapacitative Ca2 entry via protein kinase
Gq, and the DAG produced at the plasma membrane than activatesC (Rosado and Sage, 2000). An arachidonic acid-stimu-
heterologously expressed TRPC6. Only bradykinin causes release
lated Ca2 entry pathway provides the major route for of Ca2 from intracellular stores and consequent activation of CCE
the Ca2 entry evoked by physiological stimuli in both mediated by TRPC1. The scheme (from Delmas et al., 2002) illus-
HEK cells and A7r5 vascular smooth muscle cells (Mig- trates how the spatial organization of signaling proteins allows two
receptors using the same signaling pathway to selectively activatenen and Shuttleworth, 2000; Moneer and Taylor, 2002).
different Ca2 entry pathways. Red and blue denote signaling viaAs these examples illustrate, both limbs of the phos-
the bradykinin and muscarinic receptors, respectively.phoinositide pathway are capable of regulating Ca2
entry: DAG (or its metabolites) stimulates NCCE, while
IP3 leads to activation of CCE. But the two limbs are NCCE and CCE pathways. Arachidonic acid, for exam-
not immutably linked. In sympathetic neurons, the actin ple, released from DAG by DAG lipase commonly inhibits
cytoskeleton holds IP3 receptors in more intimate asso- CCE, and it activates NCCE in several cell types (see
ciation with bradykinin receptors than with muscarinic references in Moneer and Taylor, 2002). In A7r5 cells,
receptors (Delmas et al., 2002); metabotropic glutamate this reciprocal regulation of the two pathways by arachi-
receptors are likewise preferentially tethered to IP3 re- donic acid ensures that all Ca2 entry occurs via NCCE
ceptors by Homer proteins. Such interactions allow the in the presence of vasopressin to be followed by a brief
IP3 produced by one receptor to be more effective than phase of Ca2 entry via CCE when vasopressin is re-
that produced by another. When Ca2 entry is regulated moved. This strictly sequential activation of two distinct
by both IP3 and DAG, this receptor-specific targeting of Ca2 entry pathways (first NCCE and then CCE) after
IP3 allows different PLC-coupled receptors to selectively agonist addition and removal may allow Ca2 to be di-
recruit different Ca2 entry pathways. Hence, in sympa-
thetic neurons heterologously expressing a DAG-regu-
lated channel (TRPC6) and a CCE channel (TRPC1), both
bradykinin and acetylcholine stimulate PLC and acti-
vate TRPC6, but only bradykinin causes significant re-
lease of Ca2 stores and activation of TRPC1 (Delmas
et al., 2002) (Figure 1). (Figure 1 is reprinted from Neuron
34, Delmas et al., Signaling Microdomains Define the
Specificity of Receptor-Mediated InsP3 Pathways in
Neurons, pages 209–220, 2002, with permission from
Elsevier Science.) Dual regulation of distinct Ca2 entry
pathways is not, therefore, simply a redundant means
of achieving an increase in cytoplasmic Ca2 concentra-
tion. Rather, different receptors may selectively recruit
different Ca2 entry pathways, the activities of the differ-
ent pathways are carefully coordinated, and the Ca2
entering via each channel is likely to selectively couple
to distinct cellular responses.
Reciprocal Regulation of CCE and NCCE
Coordinating NCCE and CCE is important if cells are
Figure 2. Reciprocal Regulation of CCE and NCCEnot to be swamped with Ca2. Figure 2 shows that the
Red (inhibitory) and green (stimulatory) chevrons, each pointing to-signals that stimulate one of these Ca2 entry pathways
ward the channel that is regulated, highlight the opposing effectsoften cause inhibition of the other, suggesting that recip-
of intracellular signals derived from PLC activity on the CCE (shownrocal regulation of CCE and NCCE by the products of
on the left) and NCCE (right) pathways. The hatched chevron de-
PIP2 hydrolysis may be one means of coordinating the notes the stimulatory and inhibitory effects of PIP2 on different NCCE
channels. Whereas IP3 leads to the activation of CCE, pathways. Black arrows denote links between substrates and prod-
the DAG limb of the pathway seems most important in ucts and twisted arrows the stimulation of enzymes (PKC and NO
synthase) by intracellular signals (DAG, and Ca2 and arachidonate).both regulating NCCE and coordinating the activities of
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Patterson, R.L., van Rossum, D.B., Ford, D.L., Hurt, K.J., Bae, S.S.,rected first to targets that mediate a cellular response
Sugh, P.-G., Kurosaki, T., Snyder, S.H., and Gill, D.L. (2002). Celland then to targets that facilitate recovery (Moneer and
111, 529–541.Taylor, 2002).
Putney, J.W., Broad, L.M., Braun, F.-J., Lievremont, J.-P., and Bird,Membrane potential is another means whereby the
G.S.J. (2001). J. Cell Sci. 114, 2223–2229.
activities of different Ca2 entry pathways are coordi-
Rosado, J.A., and Sage, S.O. (2000). J. Physiol. 529, 159–169.
nated. Many NCCE pathways are less Ca2 selective
Runnels, L.W., Yue, L., and Clapham, D.E. (2002). Nat. Cell Biol. 4,than CCE pathways (Clapham et al., 2001; Venkatacha-
329–336.
lam et al., 2002). Opening of NNCE channels is therefore
Smith, K.E., Gu, C., Fagan, K.A., Hu, B., and Cooper, D.M.F. (2002).
more likely to directly depolarize the plasma membrane J. Biol. Chem. 277, 6025–6031.
and so influence Ca2 entry via other channels by either Venkatachalam, K., van Rossum, D.B., Patterson, R.L., Ma, H.-T.,
regulating their gating or reducing the electrochemical and Gill, D.L. (2002). Nat. Cell Biol. 4, E263–E272.
gradient for Ca2entry. Moderate stimulation of m3 mus-
carinic receptors, for example, stimulates Ca2 release
and CCE, but with more intense stimulation, a nonselec-
tive cation channel is activated (possibly by arachidonic
acid; see references in Moneer and Taylor, 2002). The
resulting membrane depolarization attenuates the CCE
Ca2 signal by decreasing the electrochemical gradient
for Ca2 entry (Carroll and Perata, 1998). In colonic
smooth muscle, the Ca2 entry that drives refilling of
intracellular stores switches from CCE to L type Ca2
channels when the membrane depolarizes and voltage-
gating of the L type channels compensates for the re-
duced electrochemical gradient for Ca2 entry via CCE
(McCarron et al., 2000).
Versatility in Ca2 Entry Pathways
Ca2, the simplest of all intracellular messengers, never-
theless succeeds in providing a specific link between a
huge array of extracellular stimuli and an equally diverse
collection of cellular responses. It succeeds, at least
in part, because intimate associations between Ca2
channels and Ca2-regulated targets allow selective tar-
geting of Ca2 from specific Ca2 channels to specific
cellular responses. PLC, its substrate, and both prod-
ucts of the phosphoinositide pathway contribute to the
coordinate regulation of a diverse collection of capacita-
tive and noncapacitative Ca2 entry channels. This path-
way is, therefore, richly endowed with the versatility
needed to allow Ca2 entry to effectively couple specific
extracellular stimuli to appropriate cellular responses.
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